abstract: Oligozoospermia (low sperm count) is a common semen deficiency. However, to date, few genetic defects have been identified to cause this condition. Moreover, even fewer molecular genetic diagnostic tests are available for patients with oligozoospermia in the andrology clinic. Based on animal and gene expression studies of oligozoospermia, several molecular pathways may be disrupted in postmeiotic spermatozoa. One of the disrupted pathways is protein ubiquitination and cell apoptosis. A critical protein involved in this pathway is the ubiquitin-conjugating enzyme 2B, UBE2B. Absence of Ube2b in male mice causes spermatogenic meiotic disruption with increased apoptosis, leading to infertility. To examine the association between messenger RNA defects in UBE2B and severe oligozoospermia (0.1 -10 × 10 6 cells/ml), sequencing of sperm cDNA in 326 oligozoospermic patients and 421 normozoospermic men was performed.
Introduction
Infertility is a major health problem for propagation of the germline. Fertility defects affect nearly 15% of couples, half of which are attributed to a male factor (Anderson et al., 2009; Sigman et al., 2009 ). However, a routine semen analysis cannot predict male infertility unless a man is azoospermic; infertile patients may be normozoospermic, and likewise spontaneous pregnancies can occur in men with abnormal sperm parameters (Guzick et al., 2001; Nallella et al., 2006) . Among the possible abnormal diagnoses in the andrology clinic, azoospermia (absence of sperm in the semen) and oligozoospermia (low sperm count of ,20 × 10 6 /ml) (WHO, 1999) are well-established causes of infertility. The etiologies of these conditions remain largely unknown (Lipshultz and Lamb, 2007; Anderson et al., 2009; Barratt et al., 2011) . The increasing use of in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) without adequate knowledge of genetic defects in patients with idiopathic male infertility raises additional safety concerns (Pinborg et al., 2004; Olson et al., 2005; Davies et al., 2012) .
To date, the most common genetic defects are structural and numerical chromosome abnormalities that are diagnosed in up to 14 and 10% of azoospermic and oligozoospermic patients, respectively (Egozcue et al., 1983; Retief et al., 1984; Clementini et al., 2005; Yatsenko et al., 2010) . Our understanding of the genetics of male infertility has been greatly advanced by studies of mouse models with targeted gene deletions, but progress in deciphering the cause of human male infertility is modest Lamb, 2002, 2008; Jamsai and O'Bryan, 2011) . Many studies of known mouse model candidate genes for oligozoospermia and azoospermia could not yield significant results. With the exception of a few genes, such as CFTR and AURKC in patients of North African heritage, none of the other mutated genes identified are considered in the evaluation of the infertile men (Riordan et al., 1989; Anguiano et al., 1992; Dieterich et al., 2007; Dieterich et al., 2009) . Such modest progress is likely due to the fact that male infertility is genetically heterogeneous and complex; there are literally thousands of genes expressed in the testis (Schultz et al., 2003) , as well as a plethora of non-genetic factors that potentially might affect male reproductive function.
The targeted deletion of Ube2b in mice disrupted ubiquitination, causing aberrations in synaptonemal complex structure, histone modifications and chromatin structure with abnormal meiotic recombination in the spermatocytes, abnormal post-meiotic histone modifications, X chromosome derepression and misregulated transcription (Baarends and Grootegoed, 2003; Baarends et al., 2003; Escalier et al., 2003; Baarends et al., 2007; Mulugeta et al., 2010) . Multiple ubiquitins bind to abnormal or short-lived proteins, labeling them for degradation by the proteasome. Three classes of proteins [ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin-protein ligases (E3)] are involved in ubiquitination, with 32 different ubiquitin-conjugating enzymes present in the E2 class (van Wijk and Timmers, 2010) . UBE2B catalyzes the covalent linkage between ubiquitin and other proteins and is a key protein in the DNA damage repair pathway after replication (van Wijk and Timmers, 2010) . In this role, UBE2B most likely has a dynamic role in chromatin reorganization in meiotic and post-meiotic germ cells and is most active during spermiogenesis (Roest et al., 1996; Baarends et al., 2003) . As a result, Ube2b null male mice display low sperm counts with abnormal morphology and decreased motility (oligoasthenoteratozoospermia) (Roest et al., 1996; Baarends et al., 2003; Escalier et al., 2003) .
Recently, two studies have reported association of non-coding single nucleotide polymorphisms (SNPs) in UBE2B with oligozoospermia and azoospermia in infertile Indian and American men (Huang et al., 2008; Suryavathi et al., 2008) . The first study reported significant association for two SNPs in 5 ′ -and 3 ′ -untranslated region sites (UTRs) in azoospermic men, whereas the second study revealed association for three novel SNPs (in intron 3, exon 4 and 3 ′ -UTR) in nonobstructive azoospermic and oligozoospermic males. Thus, UBE2B is a strong candidate for mutation screening in oligozoospermic patients and controls. Herein, we present a mutation screening of the UBE2B gene in 326 oligozoospermic patients and 421 normozoospermic controls by direct sequencing of spermatozoal cDNA and show the association of UBE2B changes in sperm mRNA with severe oligozoospermia. This approach was based upon evidence that RNA from semen provides a reliable source of genetic information (Ostermeier et al., 2004; Yatsenko et al., 2006) . /ml. The experimental study population consisted of severe oligozoospermic men (n ¼ 423) and normozoospermic controls (n ¼ 545). Oligozoospermic patients and normozoospermic controls were collected by the Special Procedures Laboratory from the Greater Houston area. Because specimens were de-identified, ethnicity of individual samples could not be obtained. However, ethnicity distribution in patient and control populations were estimated previously (Yatsenko et al., 2006) .
Materials and Methods
Extraction of semen RNA and DNA was performed as previously described (Yatsenko et al., 2006; Yatsenko et al., 2012) . Freshly ejaculated semen specimens were incubated for 30 min at 378C to liquefy. Specimens were washed with an equal volume of Sperm Washing Medium (Irvine Science, Santa Ana, CA, USA) and spun at 258C for 10 min at 652g. The sperm pellet was resuspended in residual medium and lyzed in 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was extracted from the aqueous phase and DNA from the phenol phase according to the manufacturer's protocol. The RNAs were resuspended in diethylpyrocarbonate (DEPC)-treated water (Ambion, Austin, TX, USA), and the DNAs were resuspended in sterile 10 mM Tris/1 mM EDTA solution, pH 7.0 (Ambion, Austin, TX, USA). The total RNA was treated with DNase I (Invitrogen), and its concentration was measured. RNA samples were arranged in 96 well plates.
For first strand cDNA synthesis, we used total sperm RNA, MMLV Reverse Transcriptase (Invitrogen) and random primers. RT-PCR for UBE2B was performed with at least 40 ng of cDNA and high fidelity KAPA HiFi HotStart DNA Polymerase (Kapa Biosystems, Woburn, MA, USA). We used a set of PCR primers, forward: ATTGCAGG GTTGTTTGTCAGTC and reverse: TGGCACTTAAAATTTGTTAGCC with T a 628C to amplify a single 688 bp cDNA fragment encompassing the UBE2B open reading frame (ORF). The RT -PCR products were sequenced using BigDye V3.1 sequencing reagent and ABI Prism Sequencer 3130XL (Applied Biosystems, Foster City, CA, USA). To estimate transcript 'dropout rate' due to selective amplification of long products, we performed RT-PCR amplification of shorter cDNA fragments of interest with designed primers that flanked abnormal splicing products (see Supplementary data, Table SI ). For RT -PCR, we used uniform amount of RNA ( 50 -70 ng), a limited number of cycles (35), estimated yield of abnormal splicing via gel density and performed subsequent cDNA sequencing. To sequence UBE2B exons, we designed primers that cover exons and 50 -100 bp of flanking intronic regions (see Supplementary data, Table SII ). We analyzed sequences with Sequencher4.2 (Gene Codes, Ann Arbor, MI, USA). Protein multiple alignments were performed using the online software ClustalW (www.ebi.ac.uk/clustalw). All SNPs were checked against the dbSNP database (build 37.1). The potential damaging effect of amino acid missense changes was predicted using Polyphen-2 and SIFT softwares. To test for an association between mutations in UBE2B and oligozoospermia, a likelihood ratio Chi-square test compared the frequencies of SNPs in oligozoospermic patients and normozoospermic controls. All tests were two sided with an alpha level ≤0.05 indicating statistical significance. Statistical analysis was performed using JMP Start Statistics software (SAS Institute Inc., Cary, NC, USA).
Results
To study messenger RNA mutations in UBE2B, the validated cDNA approach was employed using total sperm RNA. RT-PCR conditions UBE2B mRNA alterations are associated with severe oligozoospermia were optimized allowing the amplification of the entire 459 bp coding region as one 688 bp RT -PCR product. Under these experimental conditions, UBE2B RT-PCR products were generated from 77% (326 out of 423) of oligozoospermic patients and 77% (421 out of 545) of normozoospermic controls. These results confirm that our method detects pre-meiotically expressed genes in 75% of patients tested (Yatsenko et al., 2006) . Importantly, the mRNA detection rate did not differ significantly between oligozoospermic patients and normozoospermic controls.
Alterations in mRNA were identified in sperm specimens from 20 out of 326 (6.1%) severe oligozoospermic patients. Five patients were excluded after further analysis as described below, resulting in 15 patients with novel mRNA defects (4.6%) see Table 1 . The initial findings included 14 splicing, 4 missense and 2 nonsense UBE2B changes (see Fig. 1 and Supplementary data, Fig. S1 ). Using shorter RT -PCR, we observed a variable 'dropout rate' for long RT-PCR products. Due to this variability of abnormal splicing fractions, we excluded five patients with abnormal splicing (four patients with c.127_131delCCAGA and one patient with c.del125 5 ′ UTR, p.M1-L9del, see Table 2 numbers 9 and 10) who have defects also observed in controls (see Table 3 numbers 6 and 8). Most of the detected alterations translate to premature termination codons (PTC) directly (patients 4, 6, nonsense mutations) or indirectly via abnormal splicing isoforms with mRNA frameshift deletions and eventual downstream PTC (patients 8-10, 13 -15) (Figs 1 and 2 ). Sequence analysis revealed that the majority of the single nucleotide changes and splicing mutations identified were heterozygous (i.e. affecting nearly half of transcripts). We identified only two homozygous missense (p.A38T and p.I87T) and one homozygous splicing alteration (expression level of abnormal splicing is 100% of the wild-type RT -PCR product) (patients 1, 2 and 12, Table 1 ). Notably, this splicing defect leads to an in-frame deletion and shorter protein product by 39 amino acids (Fig. 2) . All mutations identified were located in the active ubiquitin-binding catalytic (UBC) domain of the UBE2B protein (Figs 1 and 2) , presumably having a significant damaging effect on protein function. Whereas nonsense mutations are normally implicated as being deleterious for protein function, the splicing mutations also lead to frame shifts and PTCs in a fraction of protein products that would disrupt overall protein function. The missense mutations are predicted by SIFT and Polyphen-2 to cause milder damage to protein function (Supplementary data, Fig. S2 ). However, because the missense mutations affect highly conserved residues located in the UBC domain ( 100% conserved sequence; see Supplementary data, Fig. S3 ), it is likely that these missense changes have significant damaging effects as well. Our analysis of the abnormally spliced products revealed that these aberrations span the entire UBE2B coding region, and most abnormally spliced mRNAs introduce frame shift and protein PTCs (Fig. 2) .
Our study of UBE2B mRNA changes in 421 normozoospermic controls did not reveal identified missense or highly expressed splicing alterations, providing statistical significance for the UBE2B association with severe oligozoospermia (x 2 ¼ 26, P ¼ 0.0001). In addition, we detected rare polymorphic missense and low-expressed splicing abnormalities (expression approximately 25-30% of normal transcripts) in 23 out of 326 (7%) patients (Table 2 ) and 17 out of 421 (4%) normozoospermic controls (Table 3) . Because these abnormalities were detected at a low concentration ( 30% of the normal product), they presumably lead to milder mRNA defects. UBE2B mRNA alterations are associated with severe oligozoospermia to find causative DNA changes in corresponding genomic regions in 13 available DNA specimens from selected oligozoospermic patients. We sequenced all coding exons and at least 50 bp of flanking intronic regions. Interestingly, none of the mRNA missense and splicing defects were identified in corresponding DNA specimens.
Discussion
The initial clinical evaluation of the nearly 4 million American men with infertility includes routine semen analysis (Anderson et al., 2009) . Decreased sperm count is a common diagnosis and accounts for about half of all male infertility cases (WHO, 2010) . It is estimated that nearly 50% of infertility can be attributed to a genetic factor (Lipshultz and Lamb, 2007) . Because IVF and ICSI introduce an increased risk of transmission of genetic defects to offspring, a comprehensive preconception genetic test of parents at risk would help to mitigate the risk of transmission of known defective genes to the offspring. Progress in understanding the genetic basis of human infertility lags behind the advances in basic research, where over 500 mouse models with male fertility have been discovered to date (Matzuk and Lamb, 2008; Jamsai and O'Bryan, 2011) . One plausible gene candidate for severe oligozoospermia in men is UBE2B. The gene encodes ubiquitin conjugating enzyme 2B and is involved in DNA damage repair, histone modifications, synaptonemal complex and chromatin structure in meiosis and spermiogenesis (Roest et al., 1996; Baarends et al., 2003a; Baarends et al., 2003b; Baarends et al., 2007) . During spermiogenesis, male germ cells go through a morphological transformation as they become mature spermatozoa, eventually developing polarity, a fully formed head, tail, an acrosomal cap and are finally released from Sertoli cells into the seminiferous tubules. Ube2b knockout mice are infertile due to meiotic arrest, decreased sperm concentration and abnormal sperm morphology (Roest et al., 1996) . Recent human studies also reported association of UBE2B SNPs with oligozoospermia (Huang et al., 2008; Suryavathi et al., 2008) .
Here, we investigated a large cohort of oligozoospermic patients and normozoospermic controls for UBE2B mRNA alterations. For this study, we used a cDNA approach that facilitates efficient detection of germ-cell mRNA mutations predominantly located in the gene coding region (Yatsenko et al., 2006; Yatsenko et al., 2012) . Our study identified novel mRNA defects in UBE2B in 4.6% (15 out of 326) of oligozoospermic patients that were not found in normozoospermic controls (0 out of 421). A following Chi-square test confirmed the association of UBE2B mRNA alterations with severe oligozoospermia in infertile males. The majority of the defects (six splicing and two nonsense mutations, Table 1 ) were predicted to lead to protein premature stop codons and considered to be deleterious. This provides evidence that post-transcriptional editing and processing errors identified in sperm RNA have a damaging effect on the mature mRNAs and ultimately on protein function. Interestingly, there is growing evidence that certain post-transcriptional missense mRNA errors (DNA-RNA mismatches) occur repeatedly at certain nonrandom sites, highlighting the importance of such epigenetic processes in protein diversity in normal and likely abnormal cells (Li et al., 2011) . However, the nature and magnitude of post-transcriptional defects (editing and processing) in mRNA is not fully understood (Gordon et al., 2009; Li et al., 2011) . Furthermore, among few studies that looked at mRNA defects in semen deficiencies, one showed severe expression disruption of the ubiquitin-proteosome pathway (Platts et al., 2007; Lalancette et al., 2009; Heyn et al., 2012; Krausz et al., 2012) .
Notably, our cDNA sequence analysis revealed the presence of identical splicing defects in patients and normozoospermic controls, highlighting a spectrum of mRNA defects ranging from highly expressed defects in patients, to low-expressed frameshift splicing defects in 2.6% of the controls. One likely explanation for this finding could be that UBE2B mRNA defects lead to a more complex phenotype than oligozoospermia (i.e. oligoteratozoospermia) as suggested by the Ube2b mouse knockout phenotype. This would explain the presence of abnormal splicing products in 2.6% of controlsbecause semen morphology defects were not analyzed in the study controls. An alternative explanation is that systemic abnormal splicing errors may occur naturally in normal and abnormal male germ cells, but are tolerated up to a certain minimal non-damaging level (i.e. the 'threshold splicing noise' model) (Pickrell et al., 2010) . Although the latter model needs substantial support and extensive studies of RNA presence in different semen categories, we cannot rule out this possibility.
In summary, we identified novel splicing and missense mRNA defects in UBE2B that are associated with oligozoospermia. Our findings suggest that post-transcriptional editing and processing errors in UBE2B are associated with severe low sperm count. Importantly, until recently, a role of post-transcriptional mRNA editing errors in semen pathologies was largely unknown. Both mouse and our human studies show that genetic and post-transcriptional defects in UBE2B are associated with oligozoospermia, suggesting that UBE2B is critically important for spermiogenesis in mammals (Roest et al., 1996; Baarends et al., 2003) . Our study supports the recent notion that sperm cDNAs can be an efficient non-invasive screening biomarker of genetic and epigenetic defects and male germ cells quality (Hamatani, 2012) . Although our study reports missense and splicing errors in sperm mRNA, it is possible that the study reveals only a fraction of a larger systemic phenomenon of abnormal post-transcriptional defects in sperm mRNA editing and splicing in oligozoospermic patients. To investigate such systemic errors in mRNA editing and splicing, modern high-throughput approaches like next generation RNA sequencing should be utilized in the future. We believe that future systematic investigations of post-transcription errors in mRNA editing and splicing in oligozoospermia could bring great progress to our understanding of oligozoospermia pathology in the context of genetics -environment interactions.
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